Photocurrent and photovoltage generation using phloxin B dye in aqueous and micellar medium at different concentrations have been studied in a photogalvanic cell. The photopotential and photocurrent generated were 1135.0 mV and 260.0 µA, respectively. The observed solar energy conversion efficiency with CTAB surfactant was 0.64 % and maximum power of the cell was 66.72 mW. The output of the cell was sensitive to various parameters, like dye concentration, reductant concentration, pH, light intensity, electrode area and diffusion length. Current-potential characteristics studied by I-V curve of the cell and the mechanism of cell photovoltage generation have been presented in the paper.
Introduction
Solar electromagnetic energy can be converted by photovoltaic or other processes into electrical energy which can then be stored in a capacitor or in electrical batteries. Solar energy can be converted into electricity by photovoltaic and photogalvanic cell systems. In a photovoltaic cell a semiconductor material emits photoelectrons directly, whereas in a photogalvanic cell photosensitizing dye gives and takes electrons. The efficiency of solar photovoltaic cells is quite high and photovoltaic technology is fully developed, whereas the efficiency of photogalvanic cells is low due to intermediate reactions involved in conversion of solar energy into electrical energy and photogalvanic technology still needs practical implementation. Further, photovoltaic technology is costly and needs external storage devices for power storage as it lacks inherent storage capacity. Photogalvanic technology is cheap and has inherent storage capacity. Photogalvanic cell is a device in which light is absorbed within a highly absorbing electrolyte to provide energy for redox reaction and electric energy is generated by subsequent charge transfer to the * E-mail: krg2004@rediffmail.com electrolyte by redox process. Photogalvanic cells are based on photogalvanic effect [1] [2] [3] [4] . This effect was studied using an aqueous ethylene blue Ni mesh by Bayer et al. [6] , whereas Markov et al. [5, 7] reported photopotential and photocurrent generation by aqueous aliphatic alcohol and salt. A new photogalvanic cell was reported by Jana [8] . Hamdi and Aliwi [9] observed phogalvanic effect in Fe(II)-beta-diketonate/thionine systems in aqueous acetonitrile. Later, some interesting photogalvanic systems were reported by various workers [10] [11] [12] [13] [14] . Recently, we have reported some new and relatively efficient photogalvanic systems with a reasonable amount of electrical output and storage capacity [15] [16] [17] .
A detailed review of literature reveals that many workers have reported the studies on harvesting the solar energy in various forms of solar cells. Various dyes and surfactants have been used in photogalvanic cells but energy conversion of photogalvanic cell is still low. In order to reach a significant value of conversion efficiency and storage capacity, the present system, i.e. phloxin B-CTAB-EDTA system has been subjected to detailed studies. Systematic studies of a cell consisting of phloxin B dye and surfactant redox couple have been carried out. All important cell characteristics have been reported here along with the mechanism of photovoltage generation in solution phase cell.
Materials and method
The phloxin B dye, obtained from Ases, Jodhpur, ethylenediaminetetraacetic acid, cetyltrimethylammonium bromide of AR grade, Loba Chemie, Mumbai, and sodium hydroxide from RFCL, New Delhi were used in the present work. Stock solutions were prepared in double distilled water. Stock solution of phloxin B dye (4.4 × 10 −4 M), reductant EDTA (2.20 × 10 −3 M), surfactant CTAB (1.5 × 10 −3 M) were used and 1 M NaOH was added for maintaining pH in alkaline range. During preparation of the dye solution the precaution was taken to protect the solution from light and to store it in a darkened container. 25 mL of a mixture having a known volume of dye, reductant, surfactant and NaOH was taken into a blackened H shaped glass tube. A platinum foil electrode (1 cm 2 ) was immersed in one limb of the cell container containing a transparent window. The counter electrode SCE was placed in another limb. The pH of the solution was adjusted and measured by a pH meter.
When the cell attained a stable potential in dark, the platinum foil electrode was exposed to light source (tungsten lamp). A water filter was placed between the light source and the cell to cut-off thermal radiation. Electrical output of the cell -potential and current -were measured with pH meter and microammeter, respectively. The I-V characteristics of the cell were also studied by applying an external load in a form of a variable resistor in the microammeter circuit. The experimental setup and circuit are shown in Fig. 1 .
Variation of photovoltage and current
The potential generated in the photogalvanic cell was found to change with time. Initially, the photogalvanic cell was placed in dark till it attained a stable potential and then the platinum electrode was exposed to the tungsten lamp. It was observed that the potential increased on illumination, which was due to the increase in electrons donating the excited dye molecules during illumination, and it reached a maximum constant value after a certain period. This maximum potential is termed V max . At V max the number of excited dye molecules and electron donating the dye molecules was the highest. When the light source was removed, the direction of potential was reversed and a stable potential was again obtained after some time (Fig. 2 ). There was a rapid rise in the photocurrent of the photogalvanic cell on illumination and it reached a maximum value within few minutes. This maximum value of current was denoted by i max . The current was found to decrease gradually with the period of illumination and finally reached a constant value at equilibrium. This value is represented as i eq in Fig. 3 . After that the current was found to decrease on removing the source of illumination (Fig. 3 ).
Study of absorption properties of pure phloxin B and phloxin B+CTAB.
Absorption spectra were recorded using systronics spectrophotometer 106 with a matched pair of silica cuvettes. Phloxin B showed an absorption peak in the visible region at 545 nm. The concentration of the dye solution was kept at 4.4 × 10 −4 M in all the experiments. Absorption spectra of the dye-surfactant combination, phloxin B-CTAB, were also taken. The value of absorbance increased with increasing CTAB concentration in in the phloxin B solution and it reached its maximum value at 1.5 × 10 −3 M CTAB (Fig. 4) .
Mechanism of photovoltage and photocurrent generation in a cell
According to photochemistry of dyes in solution, chemically reactive species is the dye in the triplet state. In particular, when certain dyes are excited by light in the presence of electron donating substances, the dyes are rapidly changing into colorless ("reduced") form. The dye is now a powerful reducing agent and donates electrons to other substances, while it returns to its oxidized state. Photovoltage and photocurrent generation in photogalvanic cell can be explained by the following mechanism schemes: (1)
At platinum electrode:
Dark chamber At counter electrode, SCE:
where Dye, Dye * , Dye − , R and R + represent the phloxin B dye, its excited form, reduced form, reductant EDTA, and oxidized form of reductant, respectively. The triplet state being relatively more stable than the singlet state plays a role in storage performance. The scheme of the mechanism is shown in Fig. 5 [18] . Experimental results at various dye, reductant and surfactant concentrations are summarized in Table 1 .
To improve the efficiency of a system a particular dye concentration should be chosen. The phloxin B-EDTA-CTAB system showed the best efficiency at the dye concentration of 4.4 × 10 −4 M. It was observed that as the dye concentration was increased, the photopotential and photocurrent increased to a maximum value and decreased on further increase in dye concentration. At low concentration of dye there was low availability of dye molecules to excite and donate electrons to the platinum electrode, whereas at higher concentration of dye, density of dye molecules in the path of platinum electrode was high and, therefore, they absorbed a major portion of light which resulted in the high electrical output.
With an increase in reductant concentration the electrical output increased and reached a maximum value at a particular concentration of reductant, equal to 2.20 × 10 −3 M. On further increase of reductant concentration the electrical output decreased because fewer reductant molecules were available for electron donation. The cell output increased with an increase in CTAB concentration but after achieving a particular value, the output of the cell started decreasing. The maximum was obtained at a CTAB concentration of 1.5 × 10 −3 M. In absence of CTAB, some decrease in electrical output was also observed. It indicates the presence of the charge transfer interaction between the dye and surfactant. The photoejection of electrons from dye-surfactant system depends on the charge on micelle.
Effect of pH variation
It was observed that the photopotential and photocurrent of the phloxin B-EDTA-CTAB system increased with pH and reached the maximum at pH = 12.64 and then decreased with a further increase of pH value. It was found that the optimum electrical output obtained at a particular pH value might be caused by better availability of reductant donors formed at that pH value.
It was also observed that in an acidic medium the efficiency of the cell was poor. It might be due to proton attachment to the dye and reductant molecules, which resulted in poor electron donating power of the dye and reductant molecules to the platinum electrode. On the other hand, in an alkaline medium, the anions formation in the dye and reductant enhanced the electron donating power of the dye. The results showing the effect of pH on photopotential and photocurrent are summarized in Table 2 .
Effect of diffusion length
The photogalvanic cell consisted of a platinum foil electrode and a saturated calomel electrode immersed in a two limb H shaped glass tube filled with solution. Diffusion length is a distance between these two electrodes. The cell's current parameters were studied by variation of It was observed that the maximum photocurrent (I max ) and the rate of initial generation of the current increased regularly with an increase in diffusion length but the equilibrium photocurrent remained unaffected. The current generation in the cell resulted from the flow of electrode active species produced in the cell reaction. The results are summarized in Table 3 .
Effect of electrode area
The current generation of the phloxin B-EDTA-CTAB system was also studied by varying the area of platinum electrode. It was observed that with increasing the electrode area, I max regularly increased but I eq negligibly decreased. The effects of variation in electrode area on the maximum and minimum photocurrent values are shown in Table 4 .
Effect of light intensity
Effects of variation of light intensity on photopotential and photocurrent were studied using a solarimeter. It was found that the photocurrent showed a linearly increasing behavior with an increase in light intensity, whereas the photopotential increased in a logarithmic manner. The increase in the light intensity increased the number of photons per unit area (incident power) falling on the dye molecules around the platinum electrode and, therefore, an increase in the electrical output was observed. The results are given in Table 5 .
Cell current-voltage characteristics, storage performance and conversion efficiency
The cell I-V characteristics showed inversely proportional relation between current and potential. The open circuit voltage and the short circuit voltage of the system were measured under the continuous illumination with light using a digital pH meter (keeping the circuit open) and a microammeter (keeping the circuit closed), respectively. In I-V curve we obtained a point, where the product of the current and potential was maximum (called power point) (Fig. 6 ). For the phloxin B-EDTA-CTAB system the power point was 66.72 µW. The performance of the cell, i.e. the storage capacity (denoted by t 1/2 ) was observed for 100 minutes by keeping the cell at the power point stage in dark and noting the time required for power output to fall to its half value (Fig. 7) . The conversion efficiency and fill factor of the cell (with platinum foil electrode of 1 cm 2 ) were V pp × i pp /V oc × i sc (7) where V pp and i pp represent the value of potential and current at power point, respectively.
Conclusion
Photogalvanic cell using phloxin B/EDTA/CTAB have been successfully fabricated. The maximum value of photocurrent and photopotential, obtained in the present work, were 300.0 µA and 1135.0 mV, respectively. The efficiency of the cell depended on the dye-surfactant combination. For further improvement of performance of the photogalvanic cell, the selection of efficient dye-surfactant combination in maximum coverage of light radiation (solar spectrum) is necessary.
